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Summary
Objectives: Identifying factors that inﬂuence the rate of cartilage loss at the knee may help to prevent or delay the progression of knee oste-
oarthritis (OA). Changes in knee alignment alter knee joint load and may affect the rate of cartilage loss. The aim of this study was to determine
whether change in knee alignment between baseline and 2 years is associated with a change in knee cartilage volume in knee OA in the
subsequent 2.5 years.
Methods: Seventy-eight adults with symptomatic knee OA were recruited using a combined strategy. Radiographs were performed at time
0 and 2 years to determine change in knee alignment, measured on a continuous scale. Magnetic Resonance Imaging was performed at
2 and 4.5 years to determine annual percentage change in medial and lateral tibial cartilage volumes.
Results: In multivariate analyses, for every 1 change toward genu valgum, there is an associated 0.44% reduction in the rate of annual medial
tibial cartilage volume loss (95% CI: 0.85%, 0.04%, P¼ 0.03). Similarly, because our measures of change in alignment and cartilage vol-
ume were continuous, these results also implied that for every 1 change toward genu varum, there was an associated 0.44% increase in the
rate of annual medial tibial cartilage volume loss. Change in knee angle did not signiﬁcantly affect the rate of loss of the lateral tibial cartilage
volume (P¼ 0.95).
Conclusion: Our results have demonstrated that progressive change toward genu valgum reduced the annual rate of medial tibial cartilage
volume loss in people with knee OA, without expediting the rate of lateral tibial cartilage volume loss. These ﬁndings suggest that methods
to reduce varus alignment may delay the progression of medial tibiofemoral OA and warrant further investigation.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Knee osteoarthritis (OA) is a major cause of chronic pain
and disability in people aged over 60 years that has pro-
found socioeconomic ramiﬁcation for both the individual
and the healthcare system1. Although the disease can oc-
cur at any site within the knee joint, the medial compartment
is the most common site of tibiofemoral involvement. In es-
tablished disease, a reduction in cartilage volume signiﬁes
disease progression. Despite this, there is a paucity of lon-
gitudinal studies examining factors that contribute toward
change in cartilage volume. Identifying factors that slow
the rate of cartilage loss may help to alleviate the burden
of knee OA, and may establish interventions to delay or pre-
vent the need for knee joint replacement.aJoint ﬁrst author.
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8Static knee alignment is known to inﬂuence load distribu-
tion at the knee joint. Anatomically, genu varum predates
medial tibiofemoral compartment load, while genu valgum
predates lateral compartment load2. It has been demon-
strated that whereas genu varum is associated with medial
compartment joint space narrowing and osteophytes, genu
valgum is associated with similar changes in the lateral
compartment3. Recent debate has focused on whether fron-
tal plane alignment is able to predict the development and
progression of radiographic knee OA4,5. While the general
consensus has been that baseline frontal plane malalign-
ment can predict radiographic progression of knee OA4,5,
there have been conﬂicting reports of whether malalignment
predates disease onset. Brouwer and colleagues showed
that an increasing degree of varus alignment is associated
with both the development and progression of radiographic
knee OA4. However, Hunter et al. found that baseline knee
alignment was not associated with incident radiographic
knee OA6. Reasons for the discrepancies between these
two radiographic studies are unclear.
While the aforementioned studies have examined knee
alignment and the onset and progression of knee OA radio-
graphically, few studies have directly assessed the
9Osteoarthritis and Cartilage Vol. 17, No. 1relationship between joint structures, such as cartilage vol-
ume, and knee alignment. To our knowledge, the only study
to have used Magnetic Resonance Imaging (MRI) to assess
tibial cartilage volume in the context of knee alignment,
demonstrated that baseline knee alignment was a determi-
nant of longitudinal cartilage loss in a compartment speciﬁc
manner among people with knee OA7. While this result im-
plies that baseline alignment can predict the progression of
cartilage loss, it is unclear whether change in knee align-
ment is associated with change in knee cartilage volume.
The aim of this longitudinal study was to determine
whether change in static knee alignment from baseline to
year 2 was associated with a change in knee cartilage in
cartilage volume over the subsequent 2.5 years in people
with knee OA.MethodsSUBJECTSSubjects with symptomatic mildemoderate knee OA were recruited by ad-
vertising in local papers, through local general practitioners, rheumatologists
and orthopedic surgeons, as well as through the local Arthritis Foundation.
All participants in the previous study who had undergone baseline MRI,
who were alive, had not received a joint replacement in the study joint and
had no contra-indication to MRI (pacemaker, metal implant, claustrophobia,
etc.) were eligible and invited to take part in this study. Thus 105 subjects
were eligible, since 18 subjects had undergone knee replacement surgery.
This study was conducted as part of a larger prospective study whereby ra-
diographic examination was conducted at baseline and 2 years later at the
ﬁrst follow-up. MRI examination was performed at the ﬁrst and second fol-
low-ups, which were approximately 2.5 years apart. The study was approved
by the ethics committee of the Alfred and Caulﬁeld Hospitals in Melbourne,
Australia. All subjects gave written informed consent.
Inclusion criteria mandated age over 40 and knee OA according to Amer-
ican College of Rheumatology (ACR) criteria8. Subjects were excluded if any
other form of arthritis was present, contra-indication to MRI (e.g., pacemaker,
cerebral aneurysm clip, cochlear implant, presence of shrapnel in strategic
locations, metal in the eye, and claustrophobia), inability to walk 50 feet with-
out the use of assistive devices, hemiparesis of either lower limb, and
planned total knee replacement.RADIOGRAPHS AND DETERMINING STATIC KNEE ALIGNMENTEach subject attended for a standing anteroposterior (AP) radiograph of
their symptomatic knee (or where both knees were symptomatic, the knee
with least severe radiographic OA) at baseline and 2 years later at the ﬁrst
radiological follow-up. Lines were drawn through the middle of the femoral
shaft and through the middle of the tibial shaft. The angle subtended at
the point at which these two lines met in the center of the tibial spines was
based on a modiﬁcation of the method of Moreland9 validated by Hinman10.
Knee angles were considered as a continuum ranging from 0 to 360, with
lower values representing increasing varus, and higher values increasing
valgus alignment. Intra-observer reliability (expressed as Intraclass Correla-
tion Coefﬁcient) was 0.987.MAGNETIC RESONANCE IMAGING AND THE MEASUREMENT
OF CARTILAGE VOLUMEEach subject attended for an MRI of their symptomatic knee at 2 (second
radiological follow-up) and 4.5 years. Knee cartilage volume was determined
by MRI image processing on an independent workstation using the Osiris
software as previously described11. Knees were imaged in the sagittal plane
on a 1.5-T whole body magnetic resonance unit (Philips) using a commercial
transmitereceive extremity coil. The following sequence and parameters
were used: a T1-weighted fat suppressed three-dimensional (3D) gradient
recall acquisition in the steady state; ﬂip angle 55; repetition time 58 ms;
echo time 12 ms; ﬁeld of view 16 cm; 60 partitions; 513 196 matrix; one ac-
quisition time 11 min 56 s. sagittal images were obtain at a partition thickness
of 1.5 mm and an in-plane resolution of 0.31 0.83 mm (512 196 pixels).
The image data were transferred to a workstation.
The volumes of the individual tibial cartilage plates were isolated from the
total tibial volume by manually drawing disarticulation contours around the
cartilage boundaries on each section. These data were re-sampled by bilin-
ear and cubic interpolation (area of 312 and 312 mm and 1.5 mm thickness,
continuous sections) for the ﬁnal 3D rendering. The volume of the particulartibial cartilage plate was determined by summing the pertinent voxels within
the resultant binary volume. A trained observer read each MRI. Independent
checks of volume estimates were made in a blinded fashion by a second
trained observer11. The coefﬁcients of variation (CVs) for the medial and lat-
eral tibial cartilage volumes were 3.4 and 2.0%, respectively. Medial and lat-
eral tibial plateau areas were determined by creating an isotropic volume
from the input images which were reformatted in the axial plane. Areas
were directly measured from these images. CVs for the medial and lateral
tibial plateau areas were 2.3 and 2.4%, respectively11.STATISTICAL ANALYSESChange in cartilage volume and knee alignment was initially assessed for
normality before being regressed against each other using linear regression.
Known confounders were adjusted for including gender and baseline age
and knee angle, and body mass index (BMI) and cartilage volume at 2 years
in multivariate analyses. Change in each variable (e.g., knee alignment) was
calculated by subtracting follow-up from baseline data. The annual change in
each parameter was then calculated by dividing this ﬁgure by the time be-
tween assessments. Annual percentage change in cartilage volume was ob-
tained by dividing the annual cartilage volume change by the cartilage
volume at 2 years and multiplying by 100 to obtain a percentage. All analy-
ses were performed using the SPSS statistical package (standard version
15.0, SPSS, Chicago, IL). A P value of less than 0.05 was considered to
be statistically signiﬁcant.Results
Of the 105 eligible subjects, 78 (74%) completed the
study. Reasons for failure to complete the study included,
signiﬁcant co-morbidity9, moved interstate3 and loss to fol-
low-up/refusal to participate15. Forty-two (52%) of study par-
ticipants were female. At study inception, the mean age of
the cohort was 63 (10.5) years, and BMI was 28.2
(4.6) kg m2. Characteristics of the study population are
shown in Table I.
Our results demonstrated that for every 1 change away
from genu varum toward genu valgum, there is an associ-
ated 0.44% reduction in the annual rate of medial tibial car-
tilage volume loss (95% CI: 0.85, 0.04, P¼ 0.03) (see
Table II)These results remained signiﬁcant when change
in medial tibial cartilage volume was expressed as annual
volume change. Similarly, because our measures of change
in alignment and cartilage volume were continuous, these
results also implied that for every 1 change toward genu
varum, there was an associated 0.44% increase in the
rate of annual medial tibial cartilage volume loss. We further
analyzed the data by grouping people according to change
in a valgus direction (yes/no). After adjustment for con-
founders, we substantiated a tendency for the annual per-
centage rate of medial tibial cartilage volume loss to be
reduced by 2.0% (95% CI: 4.3%, 0.3%) if the knee angle
changed in a valgus direction (P¼ 0.08) (data not shown).
Change in knee angle did not signiﬁcantly affect the an-
nual rate of lateral tibial cartilage volume loss (P¼ 0.95).Discussion
We have demonstrated that change in knee alignment
from genu varum toward genu valgum from baseline to
year 2 was associated with a reduction in the annual rate
of medial tibial cartilage volume loss among people with
knee OA in the subsequent 2.5 years. Change in alignment
did not affect the rate of change in lateral tibial cartilage
volume. These ﬁndings suggest that methods to reduce
varus alignment may delay the progression of medial tibio-
femoral OA.
Previously, it was demonstrated that baseline static knee
alignment was a determinant of the rate of cartilage loss in
Table I
Characteristics of study subjects
Total (n¼ 78)
Gender (% female) 52
Age at baseline (years) 63 (10.5)
BMI at baseline (kgm2) 28 (4.7)
KellgreneLawrence median grade at baseline (range) 2 (1e3)





Time between baseline and ﬁrst follow-up
(years)
1.9 (0.2)




Knee alignment at baseline (() 180.5 (5.7)
Knee alignment at follow-up (() 180.9 (5.8)
Change in knee alignment (ﬁrst follow-up e
baseline) (()
0.22 (0.35)
Frequency of people whose knees changed in
a valgus direction (%)
51.8
Frequency of people whose knees changed
in a varus direction (%)
48.2
MRI data
Tibial cartilage volume at ﬁrst follow-up (ml)
Medial 1405 (511)
Lateral 1649 (622)
Tibial cartilage volume at second follow-up (ml)
Medial 1267 (461)
Lateral 1473 (632)
Annual change (loss) in tibial cartilage volume (ml)
Medial 56 (85)
Lateral 68 (77)
Annual change (loss) in tibial cartilage volume (%)
Medial 3.7 (5.9)
Lateral 4.8 (5.6)
Values are reported as mean (SD) at baseline unless otherwise
stated.
More positive knee alignment is oriented away from genu varum.
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moral OA7. However, the current study adds to previous
knowledge by providing the ﬁrst evidence that change in
alignment away from genu varum toward genu valgum is
associated with a reduction in the subsequent rate of medial
tibial cartilage loss, without increasing the rate of lateral tib-
ial cartilage volume loss in people with knee OA. This infers
that minor changes (e.g., 1) away from genu varum, whichTable I
The relationship between change in knee alignment an
Univariate analy
Annual change in medial tibial cartilage volume (ml) 2.5 (8.3
Annual change in medial tibial cartilage volume (%) 0.24 (0.6
Annual change in lateral tibial cartilage volume (ml) 0.08 (5.4
Annual change in lateral tibial cartilage volume (%) 0.12 (0.5
*Annual percentage change in tibial cartilage volume (ml or %) for eve
yAnnual percentage change in tibial cartilage volume (ml or %) for every
knee angle, gender and respective cartilage volume and BMI at 2 years.ultimately reduces the static load exerted to the medial tibio-
femoral compartment, can reduce the rate of cartilage loss
in that compartment. This rationale underlies speciﬁc surgi-
cal procedures, such as high tibial osteotomy, that is used
to treat medial compartment knee OA in patients with varus
alignment12, and provides theoretical evidence to support
such a surgical approach. However, our study suggests
that this can be extrapolated to minor degrees of
malalignment.
The mechanism for a reduction in the rate of medial tibial
cartilage volume loss with change away from genu varum is
likely to be due to complex interactions between biome-
chanical factors and mechanocellular responses. Cartilage
deformation has been demonstrated in response to high im-
pact joint loading13, and it may be that loading the medial
joint increases the rate of medial compartment cartilage
loss in the setting of OA. In non-arthritic cartilage, it has
been speculated that chondrocytes may respond to me-
chanical loading by increasing glycosaminoglycan content,
causing cartilage ‘‘swelling’’, which may represent a com-
pensatory mechanism to withstand added joint loads14. Dis-
eased cartilage may not be equipped with similar
compensatory mechanisms, and may, therefore, be more
susceptible to the affect of alterations in joint load. More-
over, it may be that in OA joints, aberrations in biomechan-
ics, such as knee alignment, may be either the cause or the
result of disease progression.
This study was potentially limited by the relatively small
sample and we cannot exclude the possibility that a larger
cohort may have demonstrated that change in knee align-
ment was associated with the rate of cartilage volume
loss at the lateral tibia. However, joint load is preferentially
directed to the medial compartment of the knee15 even in
the context of genu valgum, and it may be that small devi-
ations toward genu valgum have a greater inﬂuence at off-
setting medial compartment load than they do at increasing
lateral compartment load. Moreover, this study was limited
to subjects with established knee OA, and our conclusions
are, therefore, generalized to the progression, rather than
the onset of disease. It may be that change in knee align-
ment has no effect on the rate of cartilage volume reduction
in non-arthritic states.
We also examined tibial cartilage volume plates only, as
these have previously been shown to correlate with femoral
cartilage volume both cross-sectionally16 and longitudi-
nally17. Moreover, we examined cartilage volume and not
thickness. One of the potential difﬁculties of measuring car-
tilage thickness longitudinally is that the deﬁned regions of
cartilage have no natural anatomical boundaries and thus
assessment of disease will require either co-registration or
assessment of images side by side. This is technically chal-
lenging and may engender reliability problems. We were
also unable to examine the relationship between meniscal
damage and bone marrow lesions as these could not beI
d annual percentage change in cartilage volume
sis (95% CI)* P Multivariate analysis (95% CI)y P
, 3.3) 0.4 6.0 (11.9, 0.15) 0.04
, 0.14) 0.2 0.44 (0.95, 0.04) 0.03
, 5.3) 0.98 0.14 (5.9, 5.6) 0.96
1, 0.27) 0.5 0.01 (0.4, 0.4) 0.95
ry 1 change in knee alignment.
1 change in knee alignment after adjustment for baseline age, BMI,
11Osteoarthritis and Cartilage Vol. 17, No. 1measured from the MRI sequences employed in this study.
Additionally, although we did not obtain full-limb ﬁlms to as-
sess knee alignment, Hinman et al. demonstrated that our
method was a valid alternative to full-limb ﬁlms to predict
mechanical axis10. We did, however, only examine the as-
sociation between static knee alignment and knee cartilage,
and it is possible that dynamic measures, such as the knee
adductor moment, are associated with compartment spe-
ciﬁc knee cartilage properties. Finally, we did not use
a cut-off to categorize subjects as valgus or varus. Although
we could have used a correction factor to estimate neutral
alignment, this was not an essential component of this
study, since our intention was to determine whether change
in frontal plane knee alignment (in either a varus or valgus
direction) was associated with the rate of compartment car-
tilage volume loss at the tibia, without exposing subjects to
unnecessary ionizing radiation. This approach allowed us to
detect associations between small changes in cartilage vol-
ume and small changes in knee alignment, independent of
whether a person had anatomical genu varum or valgum
alignment. This approach also enabled us to conclude
that change toward genu valgum was associated with a re-
duction in the rate of medial tibial cartilage volume loss,
without an increase in the rate of lateral tibial cartilage vol-
ume loss. Alternatively, our result could be interpreted that
change toward genu varum is associated with an increase
in the rate of medial tibial cartilage volume loss.
In conclusion, we have demonstrated that change away
from genu varum reduced the annual rate of medial tibial
cartilage volume loss among people with knee OA. These
ﬁndings suggest that methods to reduce varus alignment
may delay the progression of medial tibiofemoral OA.Conﬂict of interest
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